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Abstract. In this study we analyzed the inﬂuence of the
North Atlantic Oscillation (NAO) on the streamﬂow in 187
sub-basins of the Iberian Peninsula. Monthly and one-month
lagged correlations were conducted to assess the spatio-
temporal extent of the NAO inﬂuence on Iberian river dis-
charges. Analysis of the persistence of the winter NAO
throughout the year was also undertaken, together with anal-
ysis of streamﬂow anomalies during positive and negative
NAO phases. Moving-window correlation analyses were
conducted to assess potential changes in the temporal evo-
lution of the NAO inﬂuence on Iberian streamﬂows. The re-
sults show that the NAO has a large impact on surface wa-
ter resources throughout the Iberian Peninsula during winter,
and in the Atlantic watershed during autumn. We showed
that water resources management and snowmelt are caus-
ing the persistent dependence of streamﬂows on the previ-
ous winter NAO. We found that strongly positive streamﬂow
anomalies occurred during winter, especially in the Atlantic
watershed, and provide evidence of non-stationarity and spa-
tial variability in the NAO inﬂuence on Iberian water re-
sources.
1 Introduction
Numerous socioeconomic activities and ecological processes
depend on the availability of adequate water resources.
The demands for water by agriculture, tourism and indus-
try are generally increasing, and this is resulting in ex-
tensive research into the processes that explain the spatio-
temporal variability of climate and river ﬂows (Bower et
al., 2004; Kingston et al., 2006a). In addition to basin
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physiography, climate is the main factor explaining water
yield (Krasovskaia et al., 1994), and consequently the study
of climate forcing of surface water resources has become
a key issue in hydrological research. In addition, study of
the meteorological–hydrological relationships resulting from
synoptic climatic patterns has been suggested to be impor-
tant for understanding and predicting the behavior of river
ﬂows (e.g. Stahl and Demuth, 1999; Wilby, 2001; Bierkens
and Van Beek, 2009). The interactions between river ﬂow
and low-frequency climate patterns have been studied in var-
ious hydrological systems worldwide. For example, stud-
ies have investigated the use of the El Ni˜ no-Southern Os-
cillation (ENSO) in forecasting river discharge variability in
South America (Camilloni and Barros, 2000; Barros et al.,
2004), the United States (Barlow et al., 2001; Bradbury et
al., 2002; Brito-Castillo et al., 2003), Canada (Burn, 2008),
India (Maity and Kumar, 2009), China (Xue et al., 2010) and
elsewhere worldwide (Ward et al., 2010).
Several studies have demonstrated the occurrence of tele-
connection patterns affecting the European climate, par-
ticularly in winter. These include the Eastern Mediter-
ranean Teleconnection pattern (Hatzaki et al., 2007) and the
Western Mediterranean Oscillation (WeMOi) (Mart´ ın-Vide
and L´ opez-Bustins, 2006), which affect precipitation in the
Mediterranean region. The dominant synoptic pattern in the
European spatial context is the North Atlantic Oscillation
(NAO) (Hurrell, 1995; Hurrel and Van Loon, 1997).
We focused on the NAO impacts on the streamﬂows of the
IberianPeninsulabecauseitiswidelyrecognizedinhundreds
of papers as the most inﬂuencing mode of variability affect-
ing the climate in Western Europe. Moreover, we discarded
El Ni˜ no-Southern Oscillation (ENSO) due to its weaker rela-
tionship with European precipitation; Atlantic multidecadal
Oscillation (AMO) was not suitable to assess the interannual
variability of streamﬂows since it is multidecadal; and ﬁnally
Artic Oscillation (AO) is a different way to describe the same
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phenomenon that NAO does and they are very similar. In
recent years there has been intensive study of the inﬂuence
of the NAO on precipitation (Hurrell and Van-Loon, 1997;
Rodriguez-Puebla et al., 1998; Uvo, 2003; Mu˜ noz-D´ ıaz and
Rodrigo, 2004; L´ opez-Moreno and Vicente-Serrano, 2008),
and its consequent effects on surface hydrology (Shorthouse
and Arnell, 1997; Cullen et al., 2002; Rimbu et al., 2002;
Kalayci and Kahya, 2006; L´ opez-Moreno et al., 2007; Mas-
sei et al., 2009; Mor´ an-Tejeda et al., 2011).
The NAO is a circulation mode consisting of a north–south
pressure dipole between temperate and high latitudes over
the Atlantic Ocean (Hurrell, 1995; Hurrell et al., 2003). The
largest amplitudes of NAO anomalies occur particularly dur-
ing winter (Hurrell and Van-Loon, 1997), when the NAO
controls the direction of the wind ﬁelds and the interactions
between air masses in the North Atlantic region, which in-
ﬂuences the weather and hydrology of the region (Hurrell et
al., 2003; Kingston et al., 2006b). During positive NAO win-
ters stronger than average westerly winds occur across mid-
dle latitudes of the Atlantic region, and intensiﬁcation of the
storm tracks towards northern Europe is common (Rodwell
et al., 2002; Trigo et al., 2002). This synoptic conﬁguration
generates wetter (dryer) winters in northern (southern) Eu-
rope, whereas negative NAO phases have the opposite effect
(Visbeck et al., 2001). Consequently, these patterns could af-
fect the dynamics of European surface water resources, and
their effects on surface hydrology are being widely explored.
Streamﬂows in northern European rivers are generally posi-
tively correlated with the NAO, whereas streamﬂows in cen-
tral and southern rivers show the opposite relationship. A
positive and signiﬁcant relationship (r >0.6) was found dur-
ingwinterinScandinavia(ShorthouseandArnell, 1997), and
similar values were found for river basins in Britain (Philips
et al., 2003; Lavers et al. (2010). A signiﬁcant negative re-
lationship (r =−0.75) was reported by Rimbu et al. (2002)
for the Danube River in central Europe, and moderate neg-
ative correlations (r ≈ −0.4) have been reported (Pekarova
and Pekar, 2004) for various sites in the Hron basin, Slo-
vakia.
In the Mediterranean region a negative relationship be-
tween the NAO and river discharges has been found in the
Middle East (Cullen and DeMenocal, 2000; Cullen et al.,
2002) and in Turkey (Karab¨ ork et al., 2005; Kalayci and
Kahya, 2006), where lake levels have also been related to
the NAO (K¨ uc¨ uk et al., 2009). Within the Iberian Peninsula
(hereafter IP) the inﬂuence of the NAO on river discharges
has been analyzed in studies of various basins (L´ opez-
Moreno et al., 2007; Trigo et al., 2004; Mor´ an-Tejeda et al.,
2011), where reasonably high correlations have been found
between the NAO and streamﬂows, particularly in winter.
Nevertheless, there remain gaps in understanding of the na-
ture of this relationship and its spatio-temporal variability, as
recent studies (Beranov´ a and Huth, 2008; Vicente-Serrano
and L´ opez-Moreno, 2008) have shown a non-stationary in-
ﬂuence of the NAO on the climate in Europe. Moreover, no
studies have considered the IP as a whole, which is necessary
to gain an understanding of the spatio-temporal dynamics of
the relationship.
Water management in the IP is difﬁcult because of the
great variability of seasonal and annual ﬂows (Iglesias et
al., 2005; Lorenzo-Lacruz et al., 2010). This is a conse-
quence of the high spatio-temporal variability of precipita-
tion (Esteban-Parra et al., 1998; Gonz´ alez-Hidalgo et al.,
2001, 2009, 2010), which has raised research interest in us-
ing the NAO to forecast streamﬂow variability in the IP, and
applying it in water management planning. Furthermore, the
ability to predict water resources availability based on the
lagged response of streamﬂows to the NAO (Trigo et al.,
2004; L´ opez-Moreno et al., 2007) suggests this as a promis-
ing tool for optimizing water management in the IP. How-
ever, the non-stationary relationship between climate and the
NAO in the northern hemisphere (Beranova and Huth, 2008;
Vicente-Serrano and L´ opez-Moreno, 2008) must be further
assessed and understood to advance the use of the NAO for
predicting available water resources in particular basins.
This study addressed the research gap in understanding of
the impacts of the NAO on streamﬂow variability in the IP as
a whole, as analyses to date have been restricted to individ-
ual basins. We investigated the inﬂuence of the NAO on river
discharges in 187 sub-basins belonging to 11 major basins
within the IP. The objectives of the analysis were: (i) to quan-
tify the impact of the NAO on streamﬂows over time; (ii) to
establish the spatial distribution of this impact among differ-
ent basins within the IP; (iii) to assess the persistence of the
winter NAO inﬂuence on streamﬂows throughout the year;
(iv) to quantify the streamﬂow anomalies occurring during
extreme NAO phases, and in basins along the spatial gradi-
ent from west to east; and (v) to assess whether the NAO
inﬂuence on surface water resources was stable or changed
during the study period.
2 Study area
The IP encompasses 583254km2 and has very contrasting
and uneven relief. The mountain ranges of the IP are mainly
distributed from west to east, and in some cases reach alti-
tudes of approximately 3000ma.s.l., resulting in the IP re-
gion having the second highest mean altitude (637ma.s.l.)
in western Europe. These ranges have conditioned the river
network and the spatial conﬁguration of the major basins
for rivers ﬂowing towards the Atlantic Ocean (the Mi˜ no,
Duero, Tajo, Guadiana and Guadalquivir basins) and the
Mediterranean Sea (the Segura, J´ ucar and Ebro basins) (see
Fig. 1). The location and topography of the IP, together with
the effects of large atmospheric circulation patterns (L´ opez-
Bustins et al., 2008) have generated a northwest to south-
east gradient in annual precipitation (De-Castro et al., 2005;
Gonz´ alez-Hidalgo et al., 2010) (see Fig. 1), which varies
from less than 300mmyr−1 to more than 2000mmyr−1,
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Fig. 1. Up: location of the 187 streamﬂow series for the period 1945–2005 used in the study. Down: Characteristics of the main river basins.
Note that the streamﬂow is referred to the gauging station closest to the river mouth to the sea. * sum of the annual ﬂows of all gauging
stations belonging to the basin, since there are not a main course which accounts for the water yield of the whole basin. ** highly regulated
basins include all basins with a mean annual discharge below its retention capacity.
and the precipitation is concentrated mainly in winter (40%
of annual precipitation). Basins in the northern sector of
the Atlantic watershed (Mi˜ no, Duero and Tajo) yield abun-
dant ﬂows (mean annual contribution at the most down-
stream streamﬂow gauge: 10570hm3 for the Mi˜ no River,
13788hm3 for the Duero River, and 12350hm3 for the Tajo
River), whereas rivers in the southern sector of the Atlantic
watershed (Guadiana and Guadalquivir) have modest stream-
ﬂows (4039hm3 and 3780hm3, respectively). Streamﬂows
in basins in the Mediterranean watershed (Segura, J´ ucar and
Ebro) are generally scarce; the exception is the Ebro basin,
which receives abundant ﬂow (12279hm3) that is generated
in the Cantabrian Range and the Pyrenees.
The river ﬂows and strong seasonality of precipitation
have together created a marked imbalance between water
availability and demand throughout the IP, and created the
need for construction of a complex network of dams and
channels to optimize use of the available water resources.
This is especially the case for the southern basins, where
signiﬁcant regulation capacity has been generated in the last
60yr (Arroyo-Ilera, 2007). The intensive regulation of river
systems in the IP is reﬂected in an increase in the number of
major reservoirs constructed during the 20th century (from
58 in 1900 to 1195 in 2000), reaching a total storage capac-
ity of 56500hm3 (Berga-Casafont, 2003). This capacity is
approximately equal to the mean annual streamﬂow of the
8 major rivers of the IP (55850hm3).
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3 Dataset and methodology
3.1 Hydrological data
3.1.1 Streamﬂow data
To create a robust hydrological database for the entire IP,
monthly streamﬂow data were obtained from four Spanish
water agencies (Centro de Estudios Hidrogr´ aﬁcos, Ag` encia
Catalana de l’Aigua, Agencia Andaluza del Agua and Augas
de Galicia) and one Portuguese agency (Sistema Nacional de
Informac ¸ˆ ao de Recursos H´ ıdricos). The quality and length
of the series were highly variable. For this reason, the crite-
rion for selection of the series to be analyzed was based on
a balance between the spatial density and the temporal cov-
erage. A representative sample of the most important basins
distributed across the entire IP was preferred, as was a tem-
poral coverage of at least 50yr. Consequently, the period
of the monthly ﬂow series was set from 1945 to 2005, with
the aim of including in the analysis the effects of changes
caused by the intensive regulation of rivers that took place in
the second half of the 20th century. A total of 187 monthly
streamﬂow series were selected based on the length and per-
centage of data gaps: only series with <10% missing data
were included. Gap ﬁlling was achieved by linear regression
with the following criteria: series included in the regression
model had to be derived from the same river or river system
as the series to be ﬁlled, and the Pearson’s correlation coefﬁ-
cient between the series had to be at least R =0.8.
3.1.2 Standardization of streamﬂows
To obtain a hydrological index that enabled comparison of
streamﬂow series in time and space, regardless of the magni-
tudes and river regimes, we transformed the monthly stream-
ﬂows series into standardized anomalies in z-scores. It is
very common that hydrological series are not normally dis-
tributed, and must consequently be adjusted to other prob-
ability distributions (G´ amiz-Fortis et al., 2010; Vicente-
Serrano et al., 2011). To achieve this the series were ﬁtted
to the most suitable probability distribution from among the
general extreme value (GEV), the Pearson type III (PIII),
the loglogistic, the lognormal, the generalized Pareto and
the Weibull distributions, and a standardized streamﬂow in-
dex (SSI) was obtained. More details of the calculation of
the SSIs are provided in Vicente-Serrano et al. (2011).
3.2 North Atlantic Oscillation index
Amongst the various approaches to calculation of the NAO
index (Osborn et al., 1999; Pozo-V´ azquez et al., 2000), we
choose the procedure that involves the subtraction of the nor-
malized level pressures of two different stations. We used the
NAO index developed by Jones et al. (1997), who selected
the Reykjavik and Gibraltar stations. The advantage of this
index is the high negative correlations between the stations
in winter (Qian et al., 2000), with the Gibraltar station being
the most representative of the south dipole relative to other
commonly used stations, including Ponta Delgada and Lis-
boa (Osborn et al., 1999). The NAO index data covering the
studyperiod(1945–2005)wasobtainedfromtheClimateRe-
search Unit website (http://www.cru.uea.ac.uk/cru/data/nao/
nao.dat).
To assess the inﬂuence of the winter NAO on water re-
sources throughout the year we calculated a winter NAO in-
dex as the average of the indexes for December in one year,
and January, February and March in the following year. This
enabled estimation of how the interaction between the most
active NAO season (Castro-D´ ıez et al., 2002; Mu˜ noz-D´ ıaz
et al., 2004; L´ opez-Moreno et al., 2007; Vicente-Serrano et
al., 2011) and other factors, including the intensive water
regulation system of the IP and snowmelt processes (Berga-
Casafont, 2003; Arroyo-Ilera, 2007; Mor´ an-Tejeda et al.,
2011), conditioned water availability in subsequent months.
Extreme NAO episodes inﬂuencing streamﬂows were also
assessed. For this we deﬁned winter NAO records as extreme
positive (negative) phases if they were higher (lower) than
the long-term mean ± one standard deviation. As a result,
the years 1957, 1961, 1967, 1983, 1989, 1990, 1992, 1995
and 2000 were classiﬁed as extreme positive NAO years,
and the years 1947, 1955, 1956, 1963, 1964, 1965, 1969,
1977, 1979 and 1996 were classiﬁed as extreme negative
NAO years. Streamﬂow anomalies for positive and negative
phases were calculated against the long-term average stream-
ﬂows, and the signiﬁcance of the differences between the
anomalies found during positive and negative NAO phases
were tested using the Wilcoxon-Mann Whitney test. The
Wilcoxon Mann-Whitney test is based on ranks that do not
require normally distributed samples. Before the use of this
test, the assumption of the independence of the observations
from both groups is required. In our case, the streamﬂow
anomalies differences series are independent, since they are
calculated based on the mean anomalies registered during
different years, months and NAO extreme phases.
3.3 Analysis
3.3.1 Assessment of the NAO inﬂuence
To assess the impact of the NAO on surface water resources
in the IP, monthly Pearson correlations between the NAO and
the SSI were calculated for each gauging station. Prior to
correlating the SSI series and the NAO index, we linearly
de-trended the time series to take into account the autocor-
relation. This approach minimized the inﬂuence of time se-
ries trend and multi-year to decadal signal variability on the
strength and signiﬁcance of the computed correlation and the
deduced NAO predictability.
Correlations were conducted each month and with lags of
one month. The reason for correlating the NAO and stream-
ﬂows using temporal lags is based on the premise that a delay
Hydrol. Earth Syst. Sci., 15, 2581–2597, 2011 www.hydrol-earth-syst-sci.net/15/2581/2011/J. Lorenzo-Lacruz et al.: The response of Iberian rivers to the North Atlantic Oscillation 2585
occurs between precipitation and runoff derived from physi-
cal processes such as snowmelt, interception, inﬁltration or
the retention of ﬂows in dams for hydropower generation
(Trigo et al., 2004). Lagged correlations allowed assessment
of whether the hydrological conditions in the IP are condi-
tioned by the behavior of the NAO in previous months. Sim-
ilarly, we also assessed the correlation between the winter
NAO index and the following monthly SSIs until the next
winter.
3.3.2 Non-stationarity analysis
To assess the non-stationariy inﬂuence of the NAO on Iberian
streamﬂows we performed an analysis based on the use of
moving-window correlations (Pearson’s correlation coefﬁ-
cients) between the winter NAO and the March SSIs for ev-
ery gauging station. The result of the ﬁrst calculation (1945–
1965) was assigned to the middle year of this interval (1955).
The second calculation was based on the years 1946–1966,
and the process was repeated up to the years 1985–2005.
3.3.3 Identiﬁcation of spatio-temporal patterns
Because of the regional scale of the study we used a principal
component analysis (PCA) to summarize the spatio-temporal
variability of the streamﬂow anomalies detected during the
positive and negative NAO phases at the monthly scale. To
provide an estimate of where the NAO inﬂuence had re-
mained stable and where it had changed, the same procedure
was conducted with the 187 moving-window correlation se-
ries between the NAO and streamﬂows at the annual scale.
PCA (see review in Preisendorfer, 1988) is a proce-
dure commonly used by hydrologists to analyze the spatio-
temporal variability of streamﬂows (Kalayci and Kahya,
2006); it allows retention of the common features of the sam-
ples and identiﬁcation of local particularities. The PCA can
be performed in S or T modes. The S mode identiﬁes regions
in which the temporal variation of the hydrological variables
has the same pattern. The S mode has been therefore used to
identify general temporal patterns in streamﬂow series (the
observatories are the variables, and the time observations are
the cases). Using this approach we obtained an additional
non-correlated set of variables that were the linear combina-
tions (transformed by Varimax rotation; White et al., 1991)
of the originals. The coefﬁcients of such combinations are
called loading factors, and represent the correlations of the
principal component with each original variable. Using this
procedure we were able to classify each gauging station into
the resulting groups by mapping the “maximum loading fac-
tors”. The criterion used to determine the number of signif-
icant Principal Components was the explained variance: for
the selection of a new Principal Component it must explain
more than 5% of the variance.
4 Results
4.1 Monthly (lagged and non-laged) correlations of the
NAO with streamﬂow
Figure 2 shows the R Pearson’s correlation between the
monthly SSIs and the monthly NAO index at each gauging
station for the period 1945–2005. A clear spatio-temporal
pattern was observed for the interaction, with signiﬁcant neg-
ative correlations occurring throughout most of the IP during
winter (December to March), with some spatial differences
between months. In December, at the beginning of the sea-
son, only the Atlantic watershed and some Pyrenean sub-
basins are under the inﬂuence of the NAO. During January
and February almost the entire IP is under the NAO inﬂu-
ence, whereas in March the response of some rivers of the
Tajo, Guadiana, J´ ucar an Segura basins to the NAO weaken.
Nevertheless this relationship rapidly disappeared in spring.
Positive correlations (mostly non-signiﬁcant) were evident
sporadically from April to July in the eastern part of the IP.
In contrast to the transition from winter to spring, the transi-
tion from late summer to autumn was gradual, with moderate
negative correlations (R ≈−0.35) becoming evident again in
northern Iberia in late summer and the beginning of autumn.
In October the NAO inﬂuence was evident in the basins in
the Atlantic watershed (the central and western parts of the
IP) and the Pyrenean basins, conﬁguring a similar North-
South difference than the one observed in March. During
November the area under the inﬂuence of the NAO decreased
and was conﬁned to the southwest of the IP. At the begin-
ning of winter there was a reinforcement of the NAO sig-
nal, and a clear west–east pattern emerged during December,
with signiﬁcant negative correlations in the west that reached
the basins on the western side of the Cantabrian Range, the
Iberian Range and the Betic systems, which divide the IP
into the Atlantic and the Mediterranean watersheds. This
spatial conﬁguration broadly reﬂected the climatic signal de-
rived from the NAO–precipitation interaction during winter,
which is enhanced in the Atlantic watershed sub-basins.
Figure 3 shows the one-month lagged Pearson’s correla-
tions between the SSI for a particular month and the NAO
index for the previous month. We also investigated the pres-
ence of longer lags (results not shown), but in all cases the
correlations decreased from 1 lagged month. Slightly higher
correlations (R ≈ −0.6) relative to the non-lagged correla-
tions described above were observed during winter (from
December to February), although the number of stations sig-
niﬁcantly correlated with the NAO decrease in the southern
and central sectors at the beginning of the season. Dur-
ing spring the one-month lagged NAO signal disappeared
throughout most of the study area; the exception was in
the Duero basin, where signiﬁcant correlations were still
recorded during April and May. Non-signiﬁcant positive cor-
relations during summer were occasionally detected. The re-
inforced response of streamﬂows to the NAO in the previous
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Fig. 2. Spatial distribution of the correlations between the monthly NAO index and the monthly SSI’s.
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Table 1. Percentage of gauging stations which registered signiﬁcant anomalies differences between positive and negative NAO phases.
Cantabrian Mi˜ no Duero Tajo Guadiana Guadalquivir Segura J´ ucar Ebro Mondego Catalonian Andalusian
Jan 20 14 43 60 78 100 9 43 24 75 50 100
Feb 60 71 74 93 100 100 18 64 52 75 50 100
Mar 80 100 100 100 100 100 9 71 79 100 50 100
Apr 20 71 71 100 100 75 18 57 48 75 50 57
May 20 0 14 53 22 44 9 36 55 0 50 14
Jun 0 29 29 47 33 19 0 36 26 0 0 29
Jul 0 0 21 33 22 25 18 36 26 0 50 57
Aug 20 14 17 47 56 13 36 50 29 25 25 43
Sep 20 29 31 40 56 44 18 43 43 25 25 71
Oct 0 0 21 53 56 63 18 29 19 25 25 29
Nov 0 0 5 33 67 31 9 29 7 0 0 0
Dec 0 0 5 7 0 50 18 0 0 0 0 57
month did not occur until October and November, and this
was restricted to the Duero and Tajo basins. In December,
a southwards displacement of the hydrological response was
observed, and this resulted in reinforcement of the Novem-
ber NAO inﬂuence across the southernmost basins of the At-
lantic watershed. This occurred prior to the commencement
of the highly active winter NAO period, when the IP was
again completely under the inﬂuence of the NAO.
4.2 Inﬂuence of the winter NAO throughout the year
Figure 4 shows the spatial distribution of the correlations
between the winter NAO index and the streamﬂows from
March (the last month of winter) to the following November
(the last month before the next winter) at each gauging sta-
tion for the period 1945–2005. There was a clear carryover
in the response of streamﬂow to the NAO conditions dur-
ing winter, and this inﬂuence persisted throughout the year,
particularly in the main watercourses. Signiﬁcant correla-
tions were found throughout IP, with the exception of the
Mediterranean and Cantabrian coastal areas during March
and April. The winter NAO inﬂuence decreased (R ≈0.35)
during spring and summer, and was conﬁned to the main
rivers of the Duero, Tajo and Guadiana basins, and the head-
waters of the Jucar River in the Iberian Range. This pattern
remained stable during autumn, although with some variabil-
ity: the correlations clearly decreased in the Ebro basin (par-
ticularly the headwaters), whereas there was an increased re-
sponse in the headwaters of the highly regulated Tagus, J´ ucar
and Guadiana basins.
4.3 Streamﬂow anomalies during extreme NAO phases
Figure 5 summarizes the streamﬂow anomalies recorded for
each month of the year in the major basins during pos-
itive and negative NAO phases. Extreme positive NAO
phases generally produced negative anomalies in all basins
throughout the year. However, the moderate and uniform
anomalies observed throughout the year in those basins
showing low within-basin variability (including the Guadi-
ana, J´ ucar, Segura and Ebro basins) is in contrast with the
larger anomalies observed during winter in the Cantabrian,
Duero, Guadalquivir, Mondego, Catalonian and Andalusian
basins. The latter also showed greater sensitivity to extreme
positiveNAOphasesduringsummer, andalsogreaterwithin-
basin variability because of its intermittent and torrential
regime.
During negative NAO phases the pattern described above
was reversed, with positive anomalies occurring in all ma-
jor basins. Nevertheless, marked differences were observed
in the responses among basins, depending on their location
within the Atlantic watershed or on the Mediterranean fringe.
Negative phases of the NAO generated moderate stream-
ﬂow anomalies in the Ebro, J´ ucar, Segura and Catalonian
basins (Mediterranean watershed), with no major differences
among months and seasons. In contrast, all the basins in the
Atlantic watershed (Cantabrian, Mi˜ no, Duero, Tajo, Guadi-
ana, Guadalquivir and Mondego basins) showed enhanced
responses to negative phases during late winter and early
spring, which stabilized during the remainder of the year.
Table 1 shows the percentage of gauging stations that
registered signiﬁcant differences between the average SSI
anomalies generated during positive and negative NAO
phases. It is noteworthy the high percentages (>70%) of
gauges in the large Atlantic basins (Duero, Tajo, Guadi-
ana and Guadalquivir) showed signiﬁcant differences during
winter and early spring. Among these basins, those located
in the south (the Guadiana and Guadalquivir basins) showed
the greatest effects, with the entire basins showing signiﬁcant
differences in anomalies in three months during that period.
The Andalusian basins showed a high percentage of signif-
icant differences between the streamﬂow anomalies gener-
ated by opposite NAO phases, even though they are within
the Mediterranean watershed.
The PCA (Fig. 6) revealed three components in the spatio-
temporal variability of streamﬂow anomalies during the
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Fig. 3. Spatial distribution of the correlations between the monthly NAO index and the subsequent monthly SSI’s.
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Fig. 4. Spatial distribution of the correlations between the Winter NAO index and the monthly SSI’s.
extreme NAO phases. The ﬁrst principal component ex-
plained almost 40% of the total variance, and showed the
most general spatio-temporal pattern of streamﬂow anoma-
lies. It was characterized by positive streamﬂow anomalies
during negative NAO phases (and vice versa) in all months
of the year, although the anomalies were enhanced during
late spring and summer. The spatial extent of this pattern
included the entire IP, although it was more related to the
major river courses of the Atlantic watershed and the en-
tire Mediterranean fringe. The second principal component
explained 29% of the variance, and indicated large positive
streamﬂow anomalies in winter and early spring and modest
negative anomalies in summer during negative NAO phases.
The inﬂuence of the negative NAO phases was very low, with
a clear non-linear behavior in the response of streamﬂow to
the NAO. This component mainly represented the Atlantic
watershed.
The third principal component explained only 6.4% of the
variance and it did not show a clear pattern related to the
SSI anomalies in response to the positive and negative NAO
phases. Nevertheless, this pattern was representative of some
northeastern areas of the IP, where the correlation between
the NAO and streamﬂow was quite low.
4.4 Moving-window correlations
To investigate the inﬂuence of the NAO on streamﬂow evolu-
tion, we ﬁrst performed a moving-window correlation (21yr)
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Fig. 5. Statistical summary of the streamﬂow anomalies registered during positive and negative winter NAO phases classiﬁed by major
basins. Triangles represents the mean of the streamﬂow anomalies registered in every sub-basin gauge. Whiskers represents the mean’s
standard error. Asterisks depicted signiﬁcant differences between mean positive and negative anomalies, obtained by means of the Wilcoxon
Mann Whitney test.
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Fig. 6. The scores of the three ﬁrst Principal Components extracted from the anomalies series during positive (blue bars) and negative (red
bars) NAO phases (left column). Spatial distribution of the correlation coefﬁcients between the scores of the Principal Components and the
original anomalies registered at every gauging station (right column).
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analysis between the monthly Winter NAO index and the
March SSI of each gauging station. A PCA was used to sum-
marize the general temporal evolution of the NAO inﬂuence
on streamﬂow. Figure 7 shows the temporal evolution of the
threeﬁrstprincipalcomponents(left)andthecorrelationsbe-
tween their scores and the moving-window correlation series
obtained for each gauging station (right). The ﬁrst Principal
Component explained approximately 28% of the variance.
It was characterized by a low inﬂuence of the NAO inﬂuence
on streamﬂow during the 1950s, 1960s and 1970s, and an en-
hanced response of streamﬂow to the NAO since the 1980s.
Fitting this pattern were the Cantabrian basins, the Mondego
basin, most of the Duero main course, the middle and up-
per Tajo and Guadalquivir basin tributaries, the majority of
J´ ucar and Andalusian basins and some of the Pyrenean trib-
utaries of the Ebro river. The second Principal component
explained 23.8% of the variance. It was characterized by a
strong NAO inﬂuence on streamﬂow during the 1960s and
a stabilization of the response in recent years. The basins
having this variability mode included the right bank Duero
tributaries, the Tajo main course, much of the upper Ebro
basin and the Segre river and its tributaries (Ebro basin).
The third Principal Component accounts for 16.7% of the
explained variance. It presents a low response of the stream-
ﬂows to the NAO during the 1950s and the 1960s, a enhanced
response during the 1970s and a weakening of the inﬂuence
to present. The sub-basins ﬁtting this pattern are the headwa-
ters of the Duero, Ebro and Tajo rivers, the Guadiana main
course and the Guadalquivir lower reaches. These results
show that in general the streamﬂow response to the NAO was
highlyvariable intime, andthat non-stationaritywas thegen-
eral pattern between 1945 and 2005.
5 Discussion
5.1 The global patterns of the relationship streamﬂow
and NAO
Various factors control streamﬂow behavior, including water
management, the melting of snow, and land cover changes,
but precipitation plays a major role in explaining stream-
ﬂow variability in both time and space. As a consequence,
a generalized relationship has been found between NAO and
streamﬂow across Europe, especially during winter (Short-
house and Arnell, 1997; Dettinger and D´ ıaz, 2000) and in the
Mediterranean region (Cullen and DeMenocal, 2000; Cullen
et al., 2002; Karabork et al., 2005; Kalayci and Kahya, 2006;
Kucuk et al., 2009).
Many studies in the IP have related precipitation to the
NAO, and shown that the NAO is the major source of inter-
annual variability, particularly in winter (Rodr´ ıguez-Puebla
et al., 2001; Goodess and Jones, 2002). This relationship
is negative, with highly signiﬁcant values (r <−0.6) in the
western and central parts of the IP (Ulbrich et al., 1999;
Trigo, 2008) decreasing to the east along the Mediterranean
fringe(Mart´ ın-VideandFern´ andez, 2001). Basedonthispat-
tern, the NAO impacts on surface water resources in a num-
ber of basins have been analyzed in several studies. Mor´ an-
Tejeda et al. (2011) reported the response of sub-basins in
the Duero catchment to the NAO, and showed generally neg-
ative streamﬂow anomalies during positive NAO phases in
winter, and vice versa. Similar results were reported for the
Tagus catchment in extreme NAO phases (L´ opez-Moreno et
al., 2007). A more global approach that included the three
main Atlantic catchments (Duero, Tagus and Guadiana) has
shown similar results (Trigo et al., 2004). These results are
all consistent with the general analyses presented in this re-
port.
5.2 Spatial and temporal variability
We found that the response of Iberian streamﬂows to the
NAO were not homogeneous in time or space. As noted pre-
viously, precipitation plays a major role in explaining hydro-
logical variability, and because precipitation is highly depen-
dent on the NAO, factors that inﬂuence the spatial extent of
the NAO could affect river responses. Our ﬁndings suggest
that orography, water storage strategies, snowmelt and latitu-
dinal factors associated to the movement of pressure centers
across the Atlantic Ocean may help explain the contrasting
patterns observed in this study, as discussed below.
ThespatialextentoftheNAOinﬂuenceonstreamﬂowdur-
ing winter and late autumn is largely determined by orogra-
phy. The advance into the IP of southwesterly air masses as-
sociated with the NAO is facilitated by the gradual altitudinal
increase and the smooth slopes of the lower Tagus, Guadiana
and Guadalquivir valleys (Esteban et al., 2003). Although
air masses progressively lose their humidity as they cross the
IP, they are forced up by the topographic barrier to the east
(the Cantabrian Range, the Iberian Ranges and the Betic sys-
tems), which separates the Atlantic and Mediterranean wa-
tersheds. Thus, the leeward sides of the mountain chains are
less inﬂuenced by the NAO than the western part of the IP
(Esteban-Parra et al., 1998; Mu˜ noz-D´ ıaz, 2003). This phe-
nomenon is enhanced during autumn, when the NAO is less
active, with a topographic shadow effect causing the deple-
tion of humidity in air masses crossing the barrier, and a
consequent decrease in the correlation values between the
two watersheds. Orography may also explain why there was
a signiﬁcant correlation between the NAO and streamﬂow
in the Pyrenean sub-basins during October and December,
while in the other Mediterranean watersheds the correlations
werenotsigniﬁcant. Becauseoftheirnorth–southorientation
the Pyrenean valleys act as humid corridors for the advance
of air masses from the south. The mountainous topography
induces their reactivation and generates orographic precipi-
tation (Esteban et al., 2003).
We found an abrupt temporal transition from winter to
spring and from summer to autumn in the NAO–streamﬂow
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Fig. 7. The scores of the three ﬁrst Principal Components extracted from the moving-window (21yr) correlation series between the monthly
Winter NAO index and the monthly March SSI’s (left column). Spatial distribution of the correlation coefﬁcients between the scores of the
Principal Components and the original moving correlations between the monthly Winter NAO index and the monthly March SSI’s obtained
at every gauging station (right column).
www.hydrol-earth-syst-sci.net/15/2581/2011/ Hydrol. Earth Syst. Sci., 15, 2581–2597, 20112594 J. Lorenzo-Lacruz et al.: The response of Iberian rivers to the North Atlantic Oscillation
relationship between the non-lagged and the one-month
lagged correlations, which can be explained in terms of wa-
ter management and atmospheric phenomena. This was
exempliﬁed during April and early autumn. During win-
ter and spring, management practices are focused mainly
on storing water; this results in decreased water releases,
and hence decreased river discharges downstream of dams
(L´ opez-Moreno, 2007). The relationship between the NAO
and streamﬂow in April was non-signiﬁcant for the non-
lagged correlation, while for the one-month lagged correla-
tion the relationship was signiﬁcant in catchments located to
the northwest. This difference was probably caused by sea-
sonal weakening of the NAO as a result of a change in the
position of the pressure centers (Kingston et al., 2006a), but
also as a consequence of water management strategies fo-
cused on storing water resources in dams. The inverse was
true for the transition from summer to autumn. During Oc-
tober the relative movement of the pressure centers associ-
ated with the NAO (Kingston et al., 2006a) generates inﬂow
from the Atlantic, initially in the northwest (Duero basin)
during October. Subsequently, a southward displacement of
the inﬂuence occurs, covering the southwest during Novem-
ber (Trigo et al., 2008) and reaching its maximum inﬂuence
and spatial extent during winter.
Thepositivecorrelationsbetweenstreamﬂowandthesum-
mer NAO, which were mainly signiﬁcant during July, are in
agreement with the recent ﬁndings of Blad´ e et al. (2010),
who found signiﬁcant positive correlations between precip-
itation and the NAO during July and August in the central
sector of the IP. This relationship apparently occurs because
the positive phase of the summer NAO is related to cool, wet
and cloudy conditions in southern Europe and the Mediter-
ranean region (Folland et al., 2008).
The water management strategy relies on a large num-
ber of dams impounding the majority of basins in the IP,
which explains the multi-temporal lagged relationships be-
tween NAO, precipitation and stream ﬂows. Water is stored
in reservoirs during the rainy period (winter and spring)
to meet the water demand during summer, which reduces
streamﬂows downstream of the reservoirs during winter and
spring. This explains the close relationship of summer and
autumn streamﬂow to the previous winter NAO, especially
in the southern basins with larger impoundment capacities
(Tagus, 11012hm3; Guadiana, 8635hm3; and Guadalquivir,
8280hm3): the majority of those rivers with retention capac-
ity exceeding the mean annual discharge for the study period
showed a sustained response to the winter NAO during the
rest of the year. The strong correlations between the win-
ter NAO index and streamﬂows during May, June and July
in the Pyrenean sub-basins reﬂect the importance of snow
accumulation and melting processes in the Pyrenean rivers
(L´ opez-Moreno and Garc´ ıa-Ruiz, 2004), and the inertia that
these processes induce in the runoff yield.
5.3 The extreme phases of NAO and their relationships
to stream ﬂow
The results of analysis of the streamﬂow response to extreme
NAOphaseswereconsistentwiththeotheranalyses. Stream-
ﬂow anomalies during negative NAO phases were generally
greater in magnitude than those during positive phases. This
may be related to the physical properties of the catchments
and their hydrological behavior. Because of the large amount
of precipitation generated by extreme rainfall events associ-
ated with negative NAO phases, soils rapidly became satu-
rated, and runoff produces a marked increase in river dis-
charges (Mor´ an-Tejeda, 2011). However, to guarantee water
supply the water management strategies reduce the magni-
tude of the negative anomalies during positive NAO phases,
generating more uniform streamﬂows, even during extreme
dry periods.
Signiﬁcant spatial differences were found between the At-
lantic and Mediterranean basins. Winter positive anomalies
in the Atlantic watershed were greater than those in the east-
ern basins adjacent to the Mediterranean Sea, but the intra-
catchment variability and streamﬂow anomalies during ex-
treme NAO phases (both positive and negative) were greater
intheAndalusianbasins, whichisrelatedtotheirintermittent
ﬂuvial regimes, small basin areas and orography. The PCA
revealed three different patterns of seasonality in streamﬂow
anomalies during positive and negative NAO phases, with a
clear spatial distribution. The general pattern depicts large
streamﬂowanomaliesduringbothpositiveandnegativeNAO
phases, that spread throughout the whole year and along the
entire IP and may be related to the general westerly circula-
tion. The second pattern shows anomalies restricted mainly
to winter months, when the NAO is more active, and solely
during negative NAO phases. This pattern is observed for
all river basins of the Atlantic watershed and reveals the im-
portance of the shadow effect produced by the mountain-
ous chains which divides the IP into the Atlantic and the
Mediterranean watershed, blocking the advance of the hu-
mid ﬂows coming from the Atlantic. The third pattern does
not show a clear seasonality in the distribution of anomalies
but it presents a well-deﬁned spatial distribution, which may
be related to northern ﬂows coming from the Gulf of Bis-
cay. These could be associated to the positive phases of the
Western Mediterranean Oscillation as previously stated by
Mart´ ın-Vide and L´ opez Bustins (2006).
5.4 Non-stationarity analysis
The non-stationarity analysis highlighted three main patterns
in the evolution of the NAO impact on streamﬂows over
the last years. The ﬁrst involved an increase in the impact
of the NAO on streamﬂows since the 1980s in most parts
of the IP, although it is more pronounced in the northwest-
ern sector. These ﬁndings are similar to those of Vicente-
Serrano and L´ opez-Moreno (2008), who reported an increase
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in the magnitude of negative correlations between the NAO
and precipitation in southern Europe, which was closely re-
lated to shifts in the location of the Atlantic pressure cen-
ters. The second pattern involved a decrease in the correla-
tions between the NAO and streamﬂows in the right bank
Duero tributaries, the Tajo main course, much of the up-
per Ebro basin and the Segre river and its tributaries (Ebro
basin). These basins have been subject to increased regula-
tion/impoundment capacity, aimed at reducing the impacts
of lack of precipitation and meet the demand for irrigating
purposes. This increased capacity may explain the decreased
sensitivity of streamﬂow to the NAO variability during ex-
treme phases. The decrease in the sensitiveness to the NAO
of the basins correlated with the Third Principal Component
reported since the 1980s may be also related to the increased
regulatory capacity in the river courses since the eighties.
However, as-yet unresolved uncertainties remain in relation
to this recently completed preliminary analysis, suggesting
the need for more detailed investigations.
5.5 Uncertainties
Several uncertainties remain concerning the future behavior
of streamﬂow in response to the NAO, and these should be
the subject of future research. The dependence of stream-
ﬂow in Iberian rivers on the NAO has been demonstrated,
as has a persistent positive NAO trend during the past three
decades (Visbeck et al., 2001; Osborn, 2004). These fac-
tors suggest that the maintenance of ecological river ﬂows,
riparian ecosystems, and the long-term supply of water for
irrigation and leisure are at risk. Projections for the 21th
century indicate a trend to positive phases of the NAO, and
thus a trend of decreasing precipitation (Rodriguez-Puebla
and Nieto, 2010). Moreover, the scenarios show stable cor-
relations between the NAO and precipitation in southern Eu-
rope (Vicente-Serrano and L´ opez-Moreno, 2008). If these
predictionsarerealized, theimplicationsforsurfacewaterre-
sources in the IP become worse, as water management strate-
gies and water regulation capacity appear to be inadequate to
address the changing NAO impacts on the surface hydrology
of the IP.
6 Conclusions
This study demonstrated the impact of the NAO on the
streamﬂows of Iberian rivers. A signiﬁcant response of
streamﬂows to the evolution of the NAO was observed across
theentireIPduringwinterandautumn, particularlyintheAt-
lantic watershed. The effect was greater when the NAO con-
ditions in the previous month were considered. Persistence
of the winter NAO conditions throughout the year was also
observed, with some spatial variations, mainly in highly reg-
ulated basins. We also showed positive streamﬂow anoma-
lies during extreme negative NAO phases, and vice versa.
We conclude that since the 1970s the impact of the NAO has
strengthened in some basins of the IP, and weakened in oth-
ers.
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